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Under this grant we have observed the Apollo Lunar Surface 
Experiment Package (ALSEP) S-band radio transmitters by very- 
long-baseline-interferometry (VLBI) . The data obtained from 
these observations have been analyzed under a separate grant 
(NSG 7010) from the Lunar Programs Office, to make improved 
determinations of the positions of the ALSEPs and of the param- 
eters governing the motion of the moon about its center of 
mass. Results of this analysis, as well as detailed descrip- 
tions of both the observational and the analytical procedures 
employed, have been presented in the following reports: 

1. King, R. W. , Precision selenodesy via differential very- 
long-baseline interferometry, Ph.D. thesis. Mass. Inst, of 
Technol., Cambridge, 1975. 

2. King, R. W. , C. C. Counselman III, and I. I. Shapiro, 

Lunar Dynamics and Selenodesy: Results from Analysis of 

VLBI and Laser Data, J. Geophys. Res., vol. 81, pp. 6251- 
6256, 1976. 

3. Snow, W. R. , Atmospheric Refraction Errors in DLBI Observa- 
tions at Low Elevation Angles, M.3. thesis. Mass. Inst, of 
Technol., Cambridge, 1977. 

On the following four pages, abstracts of these three 
reports are reproduced. 
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PRECISION SELENODESY VIA DIFFERENTIAL 
VERY-LONG-BASELINE INTERFEROMETRY 


by 


Robert W. King, Jr. 


Submitted to the Department of Aeronautics and 
Astronautics on May 12, 1975, in partial fulfillment of 
the requirements for the degree of Doctor of Philosophy 

ABSTRACT 


The technique of differential very-long-baseline 
interferometry (VLBI) has been used to measure the rela- 
tive positions of the ALSEP transmitters at the Apollo 12, 

14, 15, 16, and 17 lunar landing sites with uncertainties 
less than 0'.'005 of geocentric arc. These measurements 
have yielded improved determinations of the selenodetic 
coordinates of the Apollo landing sites, and of the phy- 
sical libration of the moon. 

By means of a new device, the Differential Doppler 
Receiver (DDR) , instrumental errors were reduced to less 
than the equivalent of O'.'OOl. DDRs were installed in six 
stations of the NASA Spaceflight Tracking and Data Network 
(STDN) and used in an extensive program of observations 
beginning iii March 1973. Data obtained over a 16-month 
period were used simultaneously with lunar laser ranging 
data in least-squares solutions for the 6 elements of the 
lunar orbit, the mass of the earth-moon system, the 2 lunar 
moment-of-inertia ratios 3 (e(C-A)/B] and y[=(B-A)/C], 

7 third-degree harmonic coefficients of the moon's gravi- 
tational potential, 6 initial conditions of the physical 
libration, and 3 coordinates each of the observing stations, 
ALSEP transmitters, and laser ranging retroref lectors , The 
uncertainties in the relative coordinates of the 5 ALSEP 
transmitters, estimated from the consistency between solutions 
with independent sets of VLBI data and from the consistency 
between VLBI and laser ranging results, are 30 m in the 
radial coordinates and 10 m in the two transverse coordinates. 
Values determined for the libration parameters 


A' 
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g, ^ 31 ' ^33 uncertainties smaller than the uncertain- 

ties"^obtained^when laser ranging data alone is used in the 
solution. The rms of the postfit residuals for the VLBI 
observations is 16® of phase (at 2.3 GHz), about 2 times 
larger than the random noise level . The systematic compo- 
nents in the residu s may result from unmodeled propagation- 
medium effects. 
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Lunar Dynamics and Sclcnodcsy; Results F rom 
Analysis of \'LBI and Laser Data 

R. W. King,* C. C. Colnshmxn 111, xnd I. 1. Shapiro 

Mawaihusetts Inslilule oj 1 eihnology. Dfparinieni oj t.onh and Flaneuiry Saentfs. CamhriJgr. \tanaihufeils O'lJ'^ 

Ver> long base line in'erferometrv (VI Bl I obsers jiions of lunar radio transmiuers have been combined 
with data from laser ranging to lunar retrorellectors to estimate simultaneousis ( I ) parameters in models 
of the lunar orbit and libration and (2) the seicnodetic coordinates of the radio transmitters and 
rctrorcllectors F or the ratio of the mass of the sun to that of the earth plus mison we ohiain 32R.VOO 50 i 
0 03. F or the lunar moment-of-lnertia ratios we hnd J|»((-5)fl)“(63l27i 0.03 1 < 10 * and s | w 
— .4 ) C'| - (227.7 r 0 7) X 10 ‘ 1 he salue implied for L' U/f' is 0 392 : 0 003. the ancertaints being 
dominated b> that of the coefficient of the second zonal grasits harmonic, obtained bs ' japesnski et al 
from analssis of F:\plorer spacecraft orbital data The salues and most of the uncertainties that we obtain 
for the third-degree harmonics of the moon s grasits field are comparable to those wh eh base been 
obtained b> others from obsersations of lunar orbiting spacecraft Howeser, our deleft 'ination of J 
appears to be the best as ailable. and our results for the two third-siezrce arasits coertisients * (2h t 4) 

X 10 * and C',j = (2 i 2) X 10 * have much less unceriaint> tna." Jeterminations based on laser data 
alone. F or the relatise position sectors of the lunar radio tra’’ • 'ters and the retroreflcclors our 
estimates have uncertainties of about 30 m along the earth-moon di.-c.;.on ai • about 10 m in each of the 
two transserse coordinates 


Introiilctiov 

The placement of optical rctroreflcctor-. and radio trans- 
mitters on the lunar surface (Figure 1 ) has stimulated signifi- 
cant adsancement m the fields of lunar dsnamics and sele- 
nodesy. The retroreflectors at the Apollo 11. 14. and 15 sites 
are hcipg ohse'-ved from the NicDonald Obsers atory telescope 
in Texas by the Lunar Ranging Experiment (Lure) team. 
These obsersations. entailing measurements by laser of the 
round trip flight time of light signals traveling between tele- 
scope and rctroreflector, have been described by Bender et a!. 
(197.3] and will not be discussed here in detail. Our group, on 
the other hand, ts observing the radio signals being transmitted 
from the nuclear-powered Apollo lunar surface experiments 
packages, or ‘Alsep's.’ These obsersations. which yield angular 
position, are made at a radio frequency of 2.3 GHz via the 
technique of vers long base line interferometry (V LBI ) Before 
discussing the simultaneous analysis that we have made of the 
laser and VT.BI data we describe the characteristics of the 
radio observations in more detail. 

Each Alsep has a transmitter with a crystal oscillator which 
provides strong signals suitable for angular position measure- 
ments by VLBI. The existence of more than one Alsep trans- 
mitter permits the use of the technique of differentia! inter- 
ferometry [Counse.'man zf al , 1972], in which the difference 
between the phases of the signals received from two Alsep's at 
one ground station is subtracted from the corresponding dif- 
ference for another station. The resulting doubly differenced 
observable is sensitise to the differences between the right 
ascensions and the declinations of the two Alsep transmitters 
and. through the time variations of these quantities, to the 
moon's physical libration. The differential VLBI observable is 
relatively insensitive to the moon's orbital position, observing 
site coordinates, receiver instabilities, and propagation delays 
introduced by the earth's atmosphere and ionosphere, all of 
which tend to affect the observations of both transmitters 
equally. 


'Now at Air Force Geophysics Labsratory, Bedford. Massachu- 
setts 02131 
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In the following sections we describe the span ol the VLBI 
and laser observations and then our simultaneous ana’vsis of 
these data to estimate the parameters of the moon's physical 
libration and the selcnocentrtc coordinates of the laser retro- 
reflectors and the Alsep's The data and our mathematical 
models are described briefly, and the postfit residuals are ex- 
amined for evidence of systematic errors Results are given for 
various physical constants, including the lu’ar moment-of- 
inertia ratios d and y, the third-degree harmonic cocflicients 
of the moon's gravitational potential, and the velenoccntric 
coordinates of the Alsep's and the retroreflectors. 

OastRvxTiovs 

VLBI observations of the five Alsep transmitters have been 
carried out by stations of the N.AS.A Spacecraft Tracking and 
Data Network (STDN) under our direction since March 197} 
[Cuunseirnan et al.. 1973a. bj. The VLBI data analyzed thus tar 
consist of observations on 97 separate davs during the Ih- 
month period ending in June 1974. Because of their relative 
insensitivity to the moon's orbital motion these data were 
always analyzed in combination with laser ranging data The 
laser data consisted of 1 194 ‘normal points' constructeo at the 
L'nivcrsity of Texas by using range measurements made be- 
tween McDonald and the three Apollo lunar ranging retro- 
reflectors (LRRK's) from January 1970 through June 1974 
[.^bhot et al . 1973. Shelus et al.. 1975. Mulholland et a! . 1975, 
P J Shelus. personal communication, 1975). 

M ATHFVUTICAL Mot)H 

The Massachusetts Institute of Technology Planetary 
Ephemeris Program [Ash. 1972] was used to obtain a weighted 
least squares estimate of parameters in mathematical models 
for the lunar orbit, for the rotations of the earth and the moon 
about their centers of mass, and for the locations of the ob- 
serving stations, .the Alsep's. and the retroreflectors I he 
moon's orbital motion was numerically integrated by using 
equations developed by .-{sh [1965] and Slade (197!] T’.e 
rotation of the earth was calculated from conventional ex- 
pressions for precession and nutation, but three parameters to 
represent rotations about three orthogonal axes were . dded to 
the formulation to account for a possible error in the relative 


6251 


2 


ATMOSPHERIC REFPJ'iCTION ERRORS IN DLBI OBSERVATIONS AT 

LOW ELEVATION ANGLES 

by 

William R. Snow 

Submitted to the Department of Aeronautics and Astronautics 
on August 26 , 1977, in partial fulfillment of the requirements 
for the degree of Master of Science. 

ABSTRACT 

Differential very-long-baseline interferometry (DLBI) 
observations of the ALSEP S-Band radio transmitters at the 
Apollo 12, 14, 15, 16, and 17 lunar landing sites have been 
analyzed to estimate the accuracies of Saastamoinen ' s , Berman's, 
and Chao's models for calculating the radio propagation delay 
of the neutral atmosphere at the zenith, and Chao's tables for 
mapping from the zenith to low elevation angles. The DLBI 
observations considered here were made at five stations of the 
NASA Spacecraft Tracking and Data Network on 7 days between 
March, 1973 and January, 19'74. Effects of the neutral 
atmosphere were easily distinguished in these observation.; 
since the elevation angle of the moon at one station varied 
between relatively high (>30°) and very low (between 0.4° and 
4 °) values during each observation period. The observed values 
of differential interferometric phase were compared with 
theoretical values calculated from each of the models under 
consideration, with emphasis on the observations made at the 
lower elevation angles. The behavior of the differences 
(observed minus computed) found w’as correlated with data from 
meteorological observations made near the tracking stations. 

The Chao method of mapping the zenith delay to lower elevation 
angles was found to be inaccurate below about 4° elevation, duo 
partly to changes in the weather down range from the station. 

The model calculations of t.he dry component of the zenith delay 
based on the local measurements of barometric pressure, and the 
mapping of this component, were judged to be relatively accurate 
down to 4° elevation. However, the wet component of zenith 
delay, calculated from the surface measurements of temperature 
and humidity, was inferred from the observations between 10° and 
4 ° elevation to be as much as 50% in error. Typical errors 
were inferred to be between 15% and 20% of the computed zenith 
delay. The zenith delay model which yielded the smallest R-’-'.S 
difference between theory and observation was Saastamoinen ' s . 
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